In the frame of the efforts that are nowadays provided to develop new environmentally-friendly products as biosourced alternative to petrochemical polymers, we investigated in this work new PLA-based materials for packaging applications obtained by combining bulk and surface modifications of PLA substrates. Four PLA-based nanocomposites were prepared by adding organo-modified layered silicates (either Cloisite® 30B or Cloisite® 20A) and a nucleating agent, i.e. N,N'-ethylenebisstearamide (EBS). The combination of EBS with CL30B led to very good nanofiller dispersion into PLA-clay nanocomposite while allowing, unlike neat PLA, to preserve the structural and thermal properties of PLA under plasma treatment. Based on this study, PLA/CL30B/EBS nanocomposites have been selected to investigate their surface modification that consisted in depositing on this substrate an organic barrier coating, i.e. an ethyl lactate plasma polymer film (ELPPF) synthesized by plasma polymerization of ethyl lactate. The PLA/CL30B/EBS-ELPPF system allowed increasing the tensile modulus from 3800 MPa (uncoated film) to 5200 MPa at high power plasma while preserving the ultimate mechanical properties. In addition, optical properties study showed that PLA/CL30B/EBS-ELPPF is also the best UV-B protective material while keeping a good transparency. Finally, the oxygen transmission rate was reduced by 53% with respect to neat PLA. All properties of final material are discussed as a function of the characteristics of PLA-clay nanocomposite substrate, of the ethyl lactate plasma polymer film (ELPPF) and of the substrate/plasma film interface.
Introduction
Nearly all of the food and drink that we buy and then consume are packaged in some way. The main functions of food packaging are to protect and preserve the food, to maintain its quality and safety, and to reduce food waste. However, almost all plastic packaging are nowadays produced from fossil resources. These petrochemical-based plastics present important drawbacks that become more and more limiting in view of our modern world challenges. Among them, the most important are (i) unstable cost due to numerous factors affecting the price of crude oils, (ii) a strong emission of CO 2 during their production, and (iii) the extremely long degradation time generating plastic landfill issues [1] . To overcome, at least partly, these drawbacks, the use of the so-called "biobased polymers" is more and more considered. Currently packaging represents the largest application of biobased polymers, while following the growing of environmental concerns regarding the plastics disposal and sustainability, a further boom is expected. Among them, poly(lactic acid) (PLA)-based products are promising to reduce the environmental impact of plastic materials because in addition to the fact that they are biobased, they are also (bio)degradable following firstly the hydrolysis of the ester bonds that leads to successive reductions of molecular weights; finally soil microorganisms can digest the oligomer fragments to produce CO 2 , H 2 O, and biomass as endproducts [2] [3] [4] . PLA is furthermore a good candidate for new developments because the physical and mechanical properties can be tailored through the polymer architecture while allowing the most common methods to process it [5, 6] .
Unfortunately, when considering packaging applications, PLA presents too low barrier properties against gases such as CO 2 and O 2 but also against water vapor, which represents a bigger problem in view of its sensitivity to moisture and the degradation mechanism by hydrolysis of the aliphatic polyester chain. High gas permeability of PLA strongly limits its use for packaging applications for food or electronic devices. Moreover, when considering semi-durable and long lifetime packaging products, the high water vapor permeability can lead to a too fast degradation of the materials. In order to widen the use of PLA in packaging industry, it is therefore important to be able to reduce and to control the permeability of the package against water vapor and gases. Certainly, as a function of the foreseen application, it would be ideal to be able to tune the water vapor permeability and, as a consequence, the degradation rate of PLA. Indeed, if food packages may require a short lifetime (a few weeks), it is obvious that for semi-durable packaging, a longer one (a few years) is needed.
Since a decade, numerous researches have been developed in order to reduce the gas permeability of PLA. The topic is of high interest for both academic and industrial research. The barrier improvements were mainly obtained by modifying the bulk or by coating the surface of the polyester, by co-extrusion and realization of multilayer films, or using other techniques. Several bulk modifications of PLA have been reported in literature: (i) the blending of PLA with other polymers such as, among others, poly(glycolic acid) (PGA) or poly(methyl methacrylate) (PMMA), [7, 8] (ii) the tuned isomeric ratio of the L and D enantiomer forms of the PLA's monomer, [6] and (iii) the incorporation of nano-and microfillers to the PLA matrix in order to synthesize PLA (nano)composites [9] [10] [11] [12] [13] .
As it is well known, polymer nanocomposites are reinforced polymers produced by incorporating materials that have one or more dimensions on the nanometer scale (< 100 nm), such as layered silicates, carbon nanotubes, nanofibers, nanowhiskers, ultrafine layered titanate, zinc nanoxide or inorganic-organic nanohybrid systems [13] [14] [15] . Layered silicates clays, mainly montmorillonite, are the most commonly used nanomaterials in the plastics industry owing to their exceptionally high surface-tovolume ratio, availability and low cost [13] . In this field, Cloisite® products (supplied by Southern Clay Products, part of BYK Additives), which are organo-modified montmorillonite, have already been reported as very promising barrier nanoparticles [16, 17] . As a consequence, Cloisite®30B and Cloisite®20A were considered in this work as barrier and impermeable nanofillers for the production of PLA nanocomposites. Additionally, since the permeability properties, through the diffusion gas process, are affected by the amount and size of crystals in the considered matrix, a nucleating agent (N,N'-ethylenebis-stearamide, hereinafter abbreviated as EBS) has also been incorporated into the PLA matrix.
On the other hand, as it is performed for most of the conventional polymers used in packaging, surface coating with a strong barrier layer has also investigated as an additional element to improve the global barrier properties of the material [18] [19] [20] [21] . The most promising data have been reported for conventional inorganic coatings such as silicon oxide (SiO x ) and aluminum oxide (Al 2 O 3 ). For example, it has been reported that Al 2 O 3 coatings synthesized by atomic layer deposition reduce the oxygen transmission rate of PLA substrates of around 95 %. However, using this process, the temperature of the substrate rises too much increasing the crystallinity and rigidity of PLA. As a result, the PLA substrate becomes more brittle, which may lead to cracks in the polymer layer impairing the barrier properties [22, 23] . SiO x is another rather common coating used to improve the barrier properties of PLA. For example, Uemura et al. decreased by 50 % the water vapor permeation of PLA by using a stretched PLLA film covered by a SiO x coating as synthesized by plasma polymerization of tetramethoxysilane [24] . However, this kind of barrier coatings does not allow to reduce enough the permeability to be competitive with respect to well-established petrochemical polymers and, moreover, the barrier efficiency cannot be modulated in the view of the targeted applications.
In this context, we have recently developed a new family of barrier coatings that would allow tuning the gas permeability of the package substrate and, in addition, that would respect the "green" feature of PLA [23, 24] . These thin organic and cross-linked (bio) degradable barrier coatings have been synthesized by Plasma Enhanced Chemical Vapor Deposition (PECVD) and more precisely by plasma polymerization. Contrary to a conventional polymer, plasma polymer films are not characterized by repeating monomer units and exhibit an intrinsic cross-linked structure which grant them various advantages such as a flawless thin coating, good adhesion to the substrate, mechanical toughness, thermal stability, transparency, functional and barrier properties [25] [26] [27] .
In our case, the plasma polymer coatings are synthesized by using a bio-based and biodegradable derivative of lactic acid, namely ethyl lactate. The synthesized coatings are therefore ethyl lactate plasma polymer films, ELPPF. In previous works, we reported the possibility to finely control the physicochemical properties of the ELPPF by modulating the experimental parameters. For example, by increasing the injected radiofrequency (RF) power in the plasma discharge, the ester function density in the ELPPF is reduced from 18 to 2 % and the cross-linking degree of the ELPPF increases by a factor 2 [28, 29] . By using this deep control of the ELPPF synthesis, we expect to tune: (i) the diffusion rate of water vapor and other gases within the ELPPF by controlling the degree of cross-linking of the network; and (ii) the degradation rate of the ELPPF through the control of the ester bond density in the material.
In this work, we combine the mentioned bulk modifications and barrier coating developments in order to improve and tune the properties of PLA (Figure 1 ). To perform this study, four PLA-based nanocomposites and neat PLA as reference were synthesized and processed as films, in order to determine the optimal nanocomposite as substrate for ELPPF deposition by plasma polymerization. Then, the PLA-clay-ELPPF has been prepared and analyzed in terms of mechanical, optical and barrier properties. For this study, three values of the injected power used to grow the barrier coating were considered. This combined approach should ultimately allow synthesizing PLA packaging films presenting new features and tunable degradation rate.
Experimental section Materials
Poly(L,L-lactide) (PLA) is provided by NatureWorks LLC, grade (4032D) with M n(PS) = 119000 g/mol, index of polydispersity D = 2.0 defined by the ratio of the weight-average and the numberaverage molar masses (characterized by the authors from SEC analysis), D-isomer ~ 1.4 %; relative viscosity = 3.94; melt-flow index (MFI) = 7 g/cm 3 (210°C/2.16kg); residual monomer = 0.14 % (NatureWorks LLC informations). N,N'-ethylenebis(stearamide) (EBS) was provided by Aldrich while Cloisite®30B (CL30B) and Cloisite®20A (CL20A) are supplied by Southern Clay Products. Table 1 summarizes the main characteristic parameters of the organo-modified layered silicates (OMLS). The PLA nanocomposites were obtained with 3 and 0.75 wt% of OMLS and EBS, respectively. The liquid precursor for the plasma polymer film synthesis, ethyl lactate, was supplied from Sigma Aldrich (≥99.0% purity). 
Preparation of PLA-based nanocomposites
Before processing, PLA was dried overnight at 60°C in a convection oven. To minimize the water content for melt-blending with PLA, all additives were also dried in same conditions. The preparation of PLA-based nanocomposites and their processing by extrusion as films was performed in three steps. First, the dried granules of PLA and additives were mixed in a Rondol turbomixer (2000 rpm, 2 min). Second, PLA-based nanocomposites (with 3 wt% of OMLS and 0.75 wt% of EBS) were prepared by melt-compounding using a twin-screw extruder Leistritz ZSE 18 HP-40D (screw diameter (D) = 18 mm, L (length)/D ratio = 40) and the following conditions of processing: throughput = 1.5 kg/h, speed of screws = 100 rpm, extrusion temperatures around of 200°C, the temperature of molten polymer in the extrusion head before the extrusion of rods (for cooling and pelletizing) was about 185°C. For the sake of comparison, neat PLA was processed in similar conditions of melt-compounding. Third, the PLA-based nanocomposite pellets were dried overnight at 80°C in a convection oven to be extruded as films of about 300 μm-thick with a Brabender single screw extruder (D = 19 mm, L/D = 25) adapted with a extrusion die head (ribbon die of 100 mm wide, gap of 0.5 mm) and using for drawing a Univex flat film take-off unit as downstream equipment and having the temperature of the nip rolls of 60°C. After processing, all substrates were stored under controlled conditions (23°C, RH = 41 %) and were regularly characterized by DSC and TGA to attest the stability overtime of films used as substrates.
ELPPF coating synthesis
The ELPPF were synthesized on a disk of PLA of 5 cm of diameter. The deposition chamber consists of a cylindrical stainless steel vacuum chamber (35.5 cm in diameter and 86.5 cm in length) equipped with a rotary pump (Varian Triscroll 600) and a turbomolecular pump (Oerlikon Leybold Vacuum MAG W 600 iP/L) connected in series, allowing to reach a residual pressure of 6.6 x 10 -4 Pa. The liquid precursor, ethyl lactate, is introduced in the chamber using a mass flow controller and an inlet system (Omicron) entirely heated at 343 K (container, tubes and connectors). During the process, the working pressure is accurately regulated by a throttle valve controlled by a capacitive gauge. The water-cooled copper coil (4.5 cm internal diameter and 0.7 cm thickness) is located in front of the substrate and connected to a RF power supply (13.56 MHz, Advanced Energy Cesar 1310) via a matching network (Advanced Energy VM1000A). The distance between the coil and the substrate is fixed at 13 cm. The substrates are introduced under vacuum through a load-lock system, and then transferred to the deposition chamber using a transfer stick. ELPPF were synthesized at three different mean powers (P RF ): 30, 100 or 280 W. Due to technical limitation, it was impossible to get a stable continuous wave discharge at P RF lower than 60 W. Therefore, pulsed mode signal was used to get steady plasma of 30 W by using a P peak and an on-time fixed at 120 W and 0.25 ms, respectively. During the experiments, the working pressure and the precursor flow rate were fixed at 1.33 Pa and 5 sccm (standard cubic centimetre per minute), respectively.
Characterization
PLA solutions were prepared in CHCl 3 (2mg polymer/mL solvent). Molecular weight parameters (M n , M w and molar mass dispersity Ð M ) of pristine PLA were determined by SEC performed in CHCl 3 at 30°C using an Agilent liquid chromatograph equipped with an Agilent degasser, an isocratic HPLC pump (flowrate= 1mL min ). Polystyrene standards were used for calibration.
Thermal behaviours of PLA-based substrates were measured by differential scanning calorimetry (DSC) using a DSC Q2000 from TA Instruments in nitrogen atmosphere. Samples (weight ~ 10 mg) were sealed in aluminium pans and placed in the DSC instrument previously calibrated with indium. Samples were heated from 0 to 200°C with a rate of 10°C/min. The glass transition temperature (T g ), cold crystallization temperature (T c ) and melting temperature (T m ), as well as the cold crystallization (ΔH c ) and melting (ΔH m ) enthalpies were measured on the first heating scan. The degree of crystallization (eq.1) was calculated using the expression: is the reference ∆H m (93.0 J/g) for PLLA crystals having an infinite size and considered 100% crystalline [30] .
The stress-strain curves of neat PLA and PLA-based nanocomposites were recorded at 20°C at a constant deformation rate of 1 mm/min with a Lloyd LR 10 K tensile tester using dumbbell-shaped specimens (ASTM 638 norm) obtained by the die cutting of 300 µm-thick films. All tensile data were determined based on the average of five independent measurements allowing calculation of error bars.
Transmission electronic microscopy (TEM) experiments were used to evaluate the dispersion of nanofillers in the PLA matrix and carried out using a JEOL 2100 apparatus operating at 200 kV. Scanning electronic microscopy (SEM) images were recorded in order to evaluate the surface defects of the neat PLA and PLAbased nanocomposites by using a Hitachi SU8020 instrument.
X-ray diffraction (XRD) measurements, used to characterize the nanoscale dispersion of the layered silicate, were performed by using a Panalytical Empryean in theta-2theta mode.
Water contact angles were measured in air by the sessile drop technique on a tensiometer (DSA 10-MK2) equipped with a microlitre syringe. From a minimum of four contact angle measurements with four drops of deionized water (10 µl), the average contact angle and the standard deviation were calculated on naked and coated PLA-based substrates.
The UV-Visible absorption spectra were obtained by using a Varian CARY 5G UV-VIS-NIR. The UV and visible beams are produced by deuterium and tungsten lamps, respectively. The percentage of transmission was measured in a wavelength range from 200 to 800 nm.
Transport property experiments were performed using the gas permeability tester PERME ® VAC-VBS provided by Labthink ® for calendered circular films. Testing is based on the differential pressure method to determine the gas transmission rate of films according to the GB/T 1038-2000 standards. Data were averaged on three measurements, carried out under controlled temperature (23°C). By using reference films provided by Labthink ® , the relative error of Oxygen Transmission Rate (OTR (cm³/m².d.Pa), where d is signifying day), was found to be less than 10%.
Results and Discussion

Choice of PLA-based nanocomposite substrates
Five proceeded PLA-based substrates (see Table 2 ) were characterized in terms of morphological properties and behaviour under plasma treatment. As mentioned, the accuracy of OMLS dosing in the extrusion experiments was confirmed in each PLA nanocomposite via thermal gravimetric analysis (TGA).
Morphological properties:
The distribution and the dispersion of the nanofillers in the PLA matrix strongly influence the resulting nanocomposite properties. Indeed, it has been reported that the transparency, the global mechanical behavior and the barrier properties can be strongly affected on the quality of dispersion and the nature of the considered nanofillers and matrices [31] . Since, XRD in conjunction with TEM are the usual methods used to characterize the nanoscale dispersion [32] , Figure 2 and Figure 3 show the XRD diffractograms and the TEM images, respectively, of the PLA-based nanocomposites (PLA/CL30B, PLA/CL30B/EBS, PLA/CL20A and PLA/CL20A/EBS).
All PLA-based nanocomposites have one or two diffraction peaks of different intensity related to the nature of the organo-modified clay and corresponding to d 001 and d 002 planes, composition and structure of the nanocomposites. Indeed, according to the intercalated morphology, the repetitive multilayer structure is well preserved allowing the diffraction of the crystalline phases of nanoclays. In addition, the intercalation of the polymer chains between silicate layers increases the interlayer distance. Conversely, in exfoliated structure, the repetitive multilayer structure is lost leading to the absence of peaks. Based on the Bragg's law, the angle of diffraction and the interlayer distance are inversely proportional, thus a shift of the diffraction peak towards lower angle values is recorded when the interlayer 
distance increases [33] . This shift in the lower range of 2-theta angle, accompanied by an important broadening and decreasing in intensity, is observed for CL30B in comparison to CL20A and highlights consequently more delamination and/or the better intercalation of the polymer chains between CL30B [34] than CL20A sheets. This assumption is supported by the measurements of the interlayer distances (d 001 ) in the nanocomposites (see Figure  2 ) since the latter increases with respect to initial d 001 of OMLS, by 86 and 41% by adding CL30B and CL20A, respectively.
To investigate the size and spatial distribution of the intercalated or exfoliated clay platelets, XRD measurements have been complemented with TEM analyses of the four PLA-based nanocomposites. Figure 3 shows selected TEM pictures obtained at low and high magnifications, having the scale bar respectively at 1µm (Figure 3a ) and 100 nm ( Figure 3b ).
As expected, the average clay size and related size distribution are of importance on the mechanical properties of the related nanocomposites. Their effects have been already reported and discussed in details for PLA/organoclay nanocomposites [35] [36] [37] and it is out of the scope of this contribution to discuss them again here. Clearly and based on our previous study [16, 38] , the TEM images shown in Figure 3 are in perfect line with previously reported data and will allow to highlight any possible effect of EBS on the quality and extent of organoclay distribution and dispersion within the PLA matrix.
Indeed, with few exceptions connected to presence of rare clusters, the TEM images confirm that blending CL20A with PLA matrix leads to nanocomposites showing a specific intercalated morphology, while PLA/CL30B shows advanced exfoliated structures [16] . This dissimilarity in nanocomposite structure has been explained by the chemical difference between the alkylammonium cations used to modify CL30B and CL20A. Indeed, as shown in Figure 2 , the organic modifier of CL30B is an ammonium cation surrounded by two hydroxyl groups and one unsaturated long alkyl chain. The two hydroxyl groups can react (or interact) [39, 40] with the C=O moieties of the ester functions present in the PLA backbone leading to good physicochemical affinity between the organic modifier and the polymer matrix, while the long alkyl involves more available space for the intercalation of the polymer chains. Both contribute by consequence to the exfoliation process. At the opposite, the organic modifier of CL20A has no polar groups such as hydroxyl and even if it has an initial d-spacing higher than those of CL30B (24.2Å compared to 18.4Å, respectively) due to presence of two long alkyl chains per ammonium head and a pronounced hydrophobicity, the penetration of the aliphatic polyester between clay layers and the increase in the gallery spacing is limited to some extent, behavior ascribed to a lower affinity of this OMLS for the PLA matrix. Furthermore, it was reported in the literature that a high degree of miscibility between modifier and matrix will provide a larger driving force for silicate platelet exfoliation and stacked clay sheets separation. The solubility parameters of PLA are closer to those of the organo-modifier used in CL30B, which suggests higher miscibility and compatibility of CL30B with the polyester matrix [41] .
In addition, we can see that EBS is also well dispersed in the PLA matrix allowing a weak improvement of the clay dispersion that is more evident in the case of PLA/CL30B/EBS sample. For instance, as seen in Figure 2 , d 001 was increased (with more than 4Å) in the nanocomposites containing both EBS and CL30B nanofiller with respect to the nanocomposite PLA/CL30B (d 001 of above 34Å). The good dispersion of EBS in PLLA matrix has already been reported by Xing et al. by means of SEM and TEM analyses [42] . Based on these morphological results, the PLA/ CL30B/EBS substrate has been selected for coating/treatment with ELPPF.
PLA and PLA/CL30B/EBS substrate behaviour under plasma treatment
During the plasma polymerization process, the PLA and PLA/ CL30B/EBS are bombarded by energetic electrons, ions and photons, which induce chemical rearrangements, ablation reactions and surface activations [43] [44] [45] . These phenomena lead usually to an increase of the substrate temperature, strongly dependent on the experimental parameters. For example, Thiry et al. has reported a substrate temperature reaching 100°C for high power conditions [46] . As the T g of the five PLA-based substrates is around 61°C, it is necessary to guarantee that the substrate structure is preserved during the plasma polymerization. If the temperature increases further and exceeds T c , PLA-based could even crystallize during the deposition process.
Visual tests and DSC analyses were consequently performed in order to determine the influence of the plasma treatment on the morphology of the substrates.
Pictures of the PLA and PLA/CL30B/EBS substrates were taken before and after the plasma deposition occurring for 3.5 min (Figure 4 ). Apparently none of the sample has suffered from damages and remains exactly similar even in term of visual transparency.
In order to more precisely study the influence of the plasma process on the PLA-based substrates, DSC analyses were recorded before and after the ethyl lactate plasma treatment ( Figure 5 ). When coated, the T C of neat PLA is significantly decreased from 112 to 91°C and the percentage of crystallinity is increased from 3.7 to 18.6 %. Conversely, after deposition, PLA/CL30/EBS preserves its T C, T m and crystallinity percentage around 91°C, 165°C and 15 %, respectively. This shows also that by heating the substrate, the plasma process leads to the crystallization of the neat PLA substrate even in 3.5 minutes in the α' form as depicted by the small exothermic peak at 150°C prior the melting peak, which is often ascribed to α'-crystal transformation into the α one [47] . In addition, whatever the considered substrates, the plasma process modifies the peak related to T g [47] . Indeed, the glass transition of uncoated substrates is joined by enthalpy relaxation meaning that the inter-and intra-chain displacements are allowed. At the opposite, the coated substrates show only glass transition with absence of relaxation of polyester chain segment [9] .
However, the bombardments of ions and photons on the polymeric substrates can affect their thermal properties. Indeed, the energetic species can break PLA macromolecules leading to shorter chains which rearrange themselves. This may lead to higher chain mobility and densification. In order to support this hypothesis, gel permeation chromatography (GPC) measurements were performed on PLA pellet, neat PLA substrate and neat PLA coated with the same deposition parameters. Due to technical limitation of the GPC analysis, the molar masses of the PLA-based nanocomposites cannot be determined. As reported In Tab. 3, the molar mass (M n ) decreases from 1.13 10 5 to 7.88 10 4 g/mol revealing the effective degradation of the polymer chains caused by the plasma deposition process.
Finally, this short study shows that the thermal properties of the PLA/CL30B/EBS substrate do not seem to be modified by the plasma treatment at the opposite of the neat PLA substrate. It is assumed that the PLA matrix in nanocomposite will be less degraded by plasma likely due to the presence of nanofiller and higher crystallinity conferred by a synergy between organoclays and EBS as very recently reported by Murariu et al [48] .
Properties of plasma-coated PLA nanocomposite film (PLA/CL30B/EBS-ELPPF)
Since the foreseen applications are mainly in the packaging field, the generated coated PLA nanocomposite substrate, called PLA/ CL30B/EBS-ELPPF is studied in terms of mechanical, barrier and optical properties.
Mechanical properties:
For most of practical applications the mechanical resistance of plasma polymer films is also a critical parameter limiting their use at larger scale. Specifically in packaging applications, the durability of the coatings through adequate mechanical properties is a critical requirement. Metal oxide-based barrier coatings such as SiO x or Al 2 O 3 are usually used in the packaging field. However, these coatings have the drawback to reduce the resistance at break or to lead to crack propagations when the material is twisted or deformed by the regular use of the package [22, 23] . In this work, organic plasma polymer films were used in order to improve the mechanical compatibility with the PLA-based substrates since the reduced modulus of ELPPF is significantly lower than the one of SiO x thin coating (35 GPa) [49] . In order to highlight the influence of the ELPPF on the mechanical properties of substrates, the tensile modulus, and the elongation at break of the PLA/CL30B/EBS-ELPPF system have been determined by tensile testing. Figure  6 and Figure 7 show the mechanical data of neat PLA and PLA/ CL30B/EBS coated by ELPPF synthesized at P mean = 30, 100 or 280 W. 
Citation:
on PLA and PLA/CL30B/EBS substrates, respectively. We can also see that the elongation at break (Figure 6b ) decreases weakly when the power used to synthesize ELPPF increases. Indeed the elongation at break decreases from around 3 to 2.5 and from 2.5 to 2 % for neat PLA and PLA/CL30B/EBS substrates, respectively. Finally, the tensile modulus (Figure 7 ) is relatively constant (between 4000 and 4300 MPa) for neat PLA while a more significant increase from 3800 to 5200 MPa is observed when the ELPPF is deposited on PLA/CL30B/EBS. This increase is not surprising since the coatings are less and less ductile as the power increases. However, additional SEC measurements (Table 3) revealed that the PLA chains are degraded during the plasma treatment. This reduction of the PLA chain length could counterbalance the increase of the reduced modulus of the coated substrates and explain the constant modulus of the coated neat PLA substrates. Except the slight increase observed for the tensile modulus, these data reveal globally a weak influence of the coating on the tensile properties of the synthesized materials. This could be explained by the low thickness of the coating (100 nm) with respect to the much thicker substrate (300 µm). The mechanical properties of the coated material are therefore mainly related to the intrinsic properties of the considered substrate. As far as the modulus is concerned, the high level of the ELPPF cross-linking density is more likely responsible for the observed rigidity. Based on nanoindentation tests, we previously reported that the crosslinking degree of the ELPPF increases with the injected power and that a high level of cross-linking degree leads to reduce significantly the plastic contributions inducing to a global improvement of the mechanical performance in terms of wear and fracture resistance, hardness and self-healing capabilities [50] .
Altogether, these data reveal that the mechanical properties of the coated substrates are improved in certain conditions by the presence of the ELPFF. Based on these data, depositing a coating synthesized at high power allows enhancing the mechanical performance of the system.
In packaging applications, the transmission of visible and ultraviolet light are important parameters to preserve and protect products until they reach the consumer as well as to get an attractive transparent package. It is consequently interesting to determine the influence of the substrate-clay based nanocomposite and ELPPF on the UV and visible transmission curves of the neat PLA-coated ELPPF and PLA/CL30B/EBScoated ELPPF synthesized at different powers ( Figure 8 and Table 4 ).
We can see that the PLA/CL30B/EBS-ELPPF offers an efficient barrier behaviour to UV-B as only around 15% of the light is transmitted, at higher plasma power, with regards to 71 % in case of neat PLA.
In the visible range (400-700 nm), each wavelength causes a particular sensation of color as the eye is not equally sensitive to light emitted at all wavelength. According to ASTM-D1746-03, the transparency of plastic sheeting is defined as the transmission of visible light in the short range of 540-560 nm. The measurement of the transmission percentage at 550 nm reveals that all substrates are transparent with around 87 % for the neat PLA that show the highest transmittance, around 75% transmittance for the PLA/CL30B/EBS-ELPPF samples and around 73% transmittance for just PLA/CL30B/EBS substrate ( Table 4 ). The literature allows linking the transparency to higher exfoliation degree of clays [51] [52] [53] . Indeed, the nanocomposites could be more transparent due to the changes of the particle size and spacing. As an example, when the nanofiller was not very well dispersed, Petersson et al have reported a drop of the visible light transmission from 86% (neat PLA) to 29% when 5 wt-% bentonite, another clay mineral is added to PLA matrix [54] . On the other hand, the results with ELPPF coating were expected based on the reported good transparency of plasma polymer films awarding them to be used in optical applications [45] . For example, optically transparent plasma polymer films were synthesized by Tien et al. and Couderc et al. from hexamethyldisiloxane (HMDSO) and hydrocarbonate precursors, respectively [55, 56] .
A more detailed analysis of the results allows to attribute these optical behaviours mainly to the PLA/CL30B/EBS substrate. For example, the transparency (measured at 550 nm) remains stable around 75 % whatever P mean while, the transmission of UV-B light at 300 nm, which is strongly reduced by the addition of CL30B/ EBS, is even lower for high power prepared ELPFF.
Barrier properties:
The oxygen transmission rates of neat PLA and PLA/CL30B/EBS substrates coated with ELPPF were measured as a function of the injected power used to synthesize the ELPPF (P mean = 30, 100 or 280W) ( Figure 9 ). The coatings and the substrates were 100 nm and 300 µm thick, respectively.
The addition of CL30B/EBS reduces the OTR values around 53 %. The higher barrier efficiency obtained with PLA/CL30B/ EBS may be explained by the fine dispersion of nanofiller and quality of the nanocomposite. The improvement of the barrier properties by using organo-modified clays and especially CL30B has been already reported in the literature [15, 48, 49] [48, 49] . This behavior is explained by the layered morphology of the clay nanoparticles and the exfoliated configuration. Indeed, high aspect ratio and dispersion of the nanoclays in the considered matrix increases the effective diffusion path length by forcing penetrant molecules on a ''tortuous path'' and is consequently preferred from a barrier property standpoint [50] .
The observed set of data ( Figure 9 ) reveals a slight influence of the plasma polymer on the barrier properties of the material. This influence is somewhat higher for high P mean prepared ELPPF, i.e., 280 W. This behavior could be explained considering that the permeation of molecules through polymers occurs in two stages: (i) the dissolution of the permeant in the polymer, characterized by the sorption coefficient (S) and (ii) the diffusion of the dissolved permeant characterized by the diffusion coefficient (D). The former is mainly depending on the chemical affinity between the molecules and the polymer while the latter is function of the diffusion path of the molecules through the polymer.
It has been shown that for low power, the ELPPF are slightly cross-linked and contain much more ester functions, which result in polar and hydrophilic surfaces [28, 29] . As a consequence, there is a good affinity between the polar groups at the surface of the coating and the oxygen molecules, which could increase the sorption coefficient and limit the barrier efficiency of the ELPPF. On the opposite, the ELPPF prepared at high power are strongly cross-linked and contain much less polar groups [28, 29] . This should have the consequence to decrease the OTR and the diffusion pathway of oxygen molecules through. However, these coatings are also harder leading to mechanical mismatches between the coating and the substrate. Indeed, nanoindentation data reported in a previous work revealed that the elastic modulus of the ELPPF prepared at high power is about 9 GPa while the elastic modulus of the conventional PLA is around 3 -4 GPa [50] . These mechanical differences likely generate local stress and may lead to cracks in ELPPF limiting the barrier efficiency, while some local degradation of the substrate can be also for discussion.
In order to support these hypotheses, the surface properties, i.e., the hydrophilicity and the surface defects have been evaluated for ELPPF synthesized for P mean = 30, 100 and 280 W and deposited on neat PLA and PLA/CL30B/EBS. The measurements of the water contact angles ( Figure 10) show that covering PLA-based substrates with ELPPF has as direct consequence and increases the hydrophilicity. However, as the power used to deposit ELPPF increases, the hydrophobicity increases. This supports a part of our understanding. On the other hand, SEM images of the microstructure of the ELPPF surfaces were acquired in order to observe the presence of possible surface defects ( Figure 11 ). As a reference, the SEM image of the uncoated PLA/CL30B/EBS substrate is shown in Figure 12 .
We can see that whatever the power used to synthesize the ELPPF, defects are observed such as bumps, scratches or cracks as highlighted by yellow circle, orange line and blue line, respectively. Based on the SEM image of the uncoated PLA/ CL30B/EBS substrate, the numerous bumps observed at the surface of the ELPPF could be related to the initial defects present at the surface of the substrate. However, Figure 11 also reveals the presence of microscratches and microcracks, mainly at the surface of the 280W-ELPPF. These results support the hypothesis of internal stress in ELPPF synthesized at higher power and the low resistance to crack propagations. This behavior has been indeed predicted by the high H/E r ratio -where H is the hardness and E r is the reduced Young's modulus-determined by nanoindentation tests in our previous paper [29] . Such a kind of phenomenon has already been reported, for example, for metal oxide coatings deposited on polymeric substrates. Chatham et al. demonstrated that the reduction in oxygen permeation due to the coatings is limited by transport through coating defects (e.g., pinholes, grain boundaries or microcracks) [57] .
In conclusion, it is worth pointing out that globally by combining nanofillers and ELPPF, the OTR value of the PLA materials has been reduced by more than two times, which appears to be a promising result particularly in the field of packaging applications.
Conclusion
Neat PLA, and PLA-based nanocomposites prepared using commercially organo-modified clays (Cloisite®20A and Cloisite®30B) and nucleating agent (EBS) were studied in order to select the best substrate in the view of the deposition of an organic barrier layer obtained by plasma polymerization.
The morphological study shows that PLA/CL30B/EBS presents the best dispersion of the clay nanoplatelets with a relatively good degree of exfoliation. According to these data, PLA/CL30B/EBS was considered as a promising material for the deposition of the ethyl lactate plasma polymer coating. The key-characteristics of PLA/CL30B/EBS-ELPPF were studied in terms of mechanical, optical and barrier properties and compared to neat PLA. The tensile tests and optical characterizations reveal that the enhanced mechanical properties could be attributed in addition to the ELPPF coating and that the obtained PLA/CL30B/EBS-ELPPF material preserves the transparency and UV blocker properties.
Concerning the barrier properties of ELPPF, if the plasma polymer film does not affect significantly the oxygen permeability, this study allows to highlight the need to control the cross-linking degree of ELPPF while avoiding the induced crack propagation at high power. When deposited on PLA/CL30B/EBS, our data reveal a decrease of 53 % of the OTR with respect to PLA reference, corresponding to an oxygen transmission rate of 4.5 10 -4 cm 3 /m².d.Pa for the ELPPF synthesized at 280 W.
Both bulk modification at the nanoscale and the use of ethyl lactate plasma coating as barrier layer are promising ways for an improvement of the barrier properties of PLA. If it is still necessary to optimize the system, this work highlights the possibility for further modifying PLA using combined techniques in view of packaging applications.
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